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Most whitefly-transmitted geminiviruses possess bipartite genomes comprising DNAs A and B. The production of viable
pseudorecombinants by reassortment of infectious cloned components is generally limited to isolates/strains of a particular
virus. Following exchange of cloned genomic components of Sida golden mosaic virus from Costa Rica (SiGMV/Co) and Sida
golden mosaic virus from Honduras (SiGMV/Hoyv), the pseudorecombinant viruses were infectious in various plant species.
Three DNA B components (B1, B2, B3), different in a few nucleotides, were isolated from Sida rhombifolia naturally infected
with SiGMV/Hoyv. Only SiGMV/Hoyv DNA B2 was able to form a viable pseudorecombinant with SiGMV/Co DNA A. In
protoplasts, as well as in inoculated leaves, SiGMV/Co DNA A trans-replicated the heterogenomic SiGMV/Hoyv DNA B1
component, indicating that impaired movement is involved in the deficiency of SiGMV/Hoyv DNA B1 to form a pseudorecom-
binant virus with SiGMV/Co DNA A. Even after extensive mutation analysis of SiGMV/Hoyv DNA B1 and B2, we were unable
to pinpoint differences in SiGMV/Hoyv DNA B2 that allowed the formation of a pseudorecombinant virus with SiGMV/Co DNA
A. We observed a gradual increase of infectivity from noninfectious SiGMV/Co DNA A/SiGMV/Hoyv DNA B1 and B3
pseudorecombinant virus to pseudorecombinant viruses showing normal systemic spread of both genomic components
associated with symptomatic plants. © 2000 Academic PressINTRODUCTION
Diseases caused by whitefly-transmitted geminivi-
ruses are important constraints on crop production in
tropical and subtropical regions (Simone et al., 1990;
Frischmuth and Stanley, 1993; Thresh et al., 1994; Brown
et al., 1995; Polston and Anderson, 1997). Geminiviruses
are small plant viruses with circular single-stranded DNA
(ss-DNA) genomes encapsidated in twinned (geminate)
particles. Members have been divided into three genera
on the basis of their genome organization and host
range. Members of the genus Begomovirus (previously
known as subgroup III) infect dicotyledonous plants, are
whitefly-transmitted, and the majority have bipartite ge-
nomes (DNAs A and B). DNA A encodes the coat protein
(CP) as well as proteins required for replication (Rep)
and gene regulation (TrAP and REn). DNA B is essential
for disease production but plays no role in DNA replica-
tion. The two gene products (NSP and MP) encoded by
this component are involved in virus spread throughout
the plant, symptom production, and host range
(Frischmuth, 1999).
Although bipartite geminiviruses have similar genome
organization, the production of viable pseudorecombi-
1 To whom correspondence and reprint requests should be ad-
ressed. Fax: 149-711-6855096. E-mail: thomas.frischmuth@po.uni-
tuttgart.de.
179nants by reassortment of infectious cloned components
is generally limited to isolates/strains of a particular virus
(Stanley et al., 1985; Lazarowitz, 1991; von Arnim and
Stanley, 1992; Frischmuth et al., 1993; Sung and Coutts,
1995) because of the highly specific nature of the inter-
action of Rep with the origin of replication (Fontes et al.,
1994a,b). In contrast, the two gene products TrAP and
REn are able to complement their function between dis-
tinct bipartite geminiviruses (Sunter et al., 1994; Saun-
ders and Stanley, 1995).
A second obstacle for the production of viable pseu-
dorecombinants might be the inability of DNA B genes to
mediate the movement of heterogenomic DNA A com-
ponents. For a number of bipartite geminiviruses,
complementation of DNA B genes has been demon-
strated following coinoculation with both genomic com-
ponents of one virus and DNA A of another virus
(Frischmuth et al., 1993; Sung and Coutts, 1995). This
ability to mediate the movement of a heterogenomic DNA
A component seems to be dependent on the origin of the
viruses, whether they derive from the New or Old World
(Frischmuth et al., 1993).
Four exceptions of viable pseudorecombination be-
tween two distinct geminiviruses have been described
(Gilbertson et al., 1993; Ho¨fer et al., 1997a; Frischmuth et
al., 1997). One such exception is the pseudorecombina-
tion between the two distinct Sida-infecting viruses, Sida
golden mosaic virus isolated in Costa Rica (SiGMV/Co)
0042-6822/00 $35.00
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180 UNSELD ET AL.and Sida golden mosaic virus isolated in Honduras
SiGMV/Hoyv) (Frischmuth et al., 1997). Three DNA B
components (B1, B2, B3), different in a few nucleotides,
ere isolated from Sida rhombifolia naturally infected
ith SiGMV/Hoyv. Only one of these DNA B molecules
(SiGMV/Hoyv B2) is able to form a viable pseudorecom-
inant with SiGMV/Co DNA A (Frischmuth et al., 1997;
his study). Here we describe the molecular analyses of
he viral determinants involved in the viability of the
seudorecombinant virus SiGMV/Co DNA A and SiGMV/
oyv DNA B2.
RESULTS AND DISCUSSION
Infectivity of pseudorecombinant viruses in various
host plants
Pseudorecombination between two distinct bipartite
geminiviruses normally fails to produce a viable virus as
a result of the inability of Rep to interact with the heter-
ologous DNA B component. However, in the last few
years a number of exceptions have been described (Gil-
bertson et al., 1993, Ho¨fer et al., 1997a; Frischmuth et al.,
1997). One such exception is the pseudorecombination
between the two distinct Sida-infecting viruses,
SiGMV/Co and SiGMV/Hoyv (Frischmuth et al., 1997). In
he initial study, two distinct DNA B molecules were
solated from SiGMV/Hoyv-infected plants (DNA B1 and
2) (Frischmuth et al., 1997) but in the course of this study
third distinct DNA B molecule (DNA B3) was isolated.
nly one of these DNA B molecules (SiGMV/Hoyv B2) was
ble to form an infectious pseudorecombinant virus with
iGMV/Co DNA A (Frischmuth et al., 1997; this study).
SiGMV/Co, SiGMV/Hoyv, and the pseudorecombinant
iruses, produced by mixing genomic components of
oth viruses, were inoculated into plant species Nicoti-
na tabacum L. cv. Xanthi, N. benthamiana, Malva parvi-
lora L., and Sida rhombifolia L. (Table 1). Both viruses,
SiGMV/Co and SiGMV/Hoyv, are able to infect these plant
T
Inoculation of Various Plant Species with SiGMV/
Virus N. tabacum cv. Xanthi
SiGMV/Co A 1 B 5/5b
SiGMV/Hoyv A 1 B1 5/5
SiGMV/Hoyv A 1 B2 4/5
SiGMV/Co A 1 SiGMV/Hoyv B1 0/5, 0/10
SiGMV/Co A 1 SiGMV/Hoyv B2 3/10
SiGMV/Hoyv A 1 SiGMV/Co B 5/5, 8/10
a See also Table 2.
b Infectivity (plants infected/inoculated) was assayed by visible symppecies and symptoms appear 10 to 14 days after inoc-
lation. The pseudorecombinant virus, formed by
p
TiGMV/Hoyv DNA A and SiGMV/Co DNA B, was able to
nfect all these plant species (Table 1). In contrast, the
seudorecombinant virus produced by SiGMV/Co DNA A
nd SiGMV/Hoyv DNA B2 was infectious only in N. taba-
um cv. Xanthi and N. benthamiana, and the symptoms in
. benthamiana were milder than those observed for
oth parental viruses. The symptoms in N. tabacum cv.
anthi were comparable to those of both parental viruses
n this plant species. Surprisingly S. rhombifolia, the
riginal host from which both viruses were isolated, was
ot infected by the pseudorecombinant SiGMV/Co DNA
and SiGMV/Hoyv DNA B2. SiGMV/Hoyv-infected S.
rhombifolia plants were collected from fields in Hondu-
ras (Frischmuth et al., 1997) and SiGMV/Co-infected
lants in Costa Rica (Ho¨fer et al., 1997b). The pseu-
orecombinant virus formed by SiGMV/Co DNA A and
iGMV/Hoyv DNA B1 was not infectious in any of these
lant species (Table 1). DNA B3 has been included only
n N. benthamiana studies (Table 2).
Trans-replication of SiGMV/Hoyv DNA B by SiGMV/Co
NA A
One possibility for the inability of SiGMV/Hoyv DNA B1
to form a viable pseudorecombinant with SiGMV/Co
DNA A might be the inability of the latter to trans-repli-
cate the heterologous DNA B component. Trans-replica-
tion was observed in inoculated N. benthamiana leaves
(Fig. 1, lanes 5 and 7) but no viral DNA B1 was detected
n upper leaves (Fig. 1, lanes 6 and 8). To investigate
hether the trans-replication of DNA B1 is impaired, N.
abacum protoplasts were transfected with a mixture of
iGMV/Co DNA A and either SiGMV/Hoyv B1 or B2. How-
ver, no considerable difference in the accumulation of
NA B1 and B2 was observed (some examples are
shown in Fig. 2, lanes 5 to 8). It is noticeable that in
protoplasts transfected with SiGMV/Co, the production of
DNAs A and B is higher than in SiGMV/Hoyv-transfected
MV/Hoyv, and Their Pseudorecombinant Viruses
Host species
M. parviflora S. rhombifolia N. benthamianaa
/5, 7/10 4/10 5/5
/5, 8/10 3/10 5/5
/10, 9/10 2/8 5/5
/5, 0/10, 0/30 0/5, 0/10 0/10
/10, 0/30 0/10, 0/10 5/5
/5, 10/10, 9/10 2/10, 3/10 5/5
Southern blotting, and PCR analysis.ABLE 1
Co, SiG
5
4
4
0
0
5rotoplasts (Fig. 2; compare lanes 1–4 with lanes 9–10).
he level of SiGMV/Hoyv DNA B1 and B2 trans-replicated
ci
i
q
b
4
ting).
tion on
181PSEUDORECOMBINATION BETWEEN TWO DISTINCT GEMINIVIRUSESby SiGMV/Co DNA A was equivalent to the level pro-
duced in the presence of SiGMV/Hoyv DNA A (Fig. 2;
ompare lanes 1–4 with lanes 5–8).
Because trans-replication of SiGMV/Hoyv DNA B1 was
not impaired compared to SiGMV/Hoyv DNA B2 in either
protoplasts or inoculated leaves, either movement into
and/or out of the nucleus (by NSP), between infected and
noninfected cells (by MP), or to systemic leaves via the
phloem must be responsible for the inability of the pseu-
dorecombinant virus to infect plants systemically. A sim-
ilar phenotype, trans-replication but no systemic spread,
was observed for the pseudorecombinant viruses
SiGMV/Co A and AbMV B (Ho¨fer et al., 1997a). Pseu-
dorecombination studies between Tomato leaf curl virus
from Panama (ToLCV/Pan) and Potato yellow mosaic
virus (PYMV) revealed that both viruses are able to trans-
replicate the heterogenomic DNA B component, al-
though only in the case of pseudorecombinant virus
T
Mechanical Inoculation of N. benthamiana with SiGMV/Co
DNA B
Infectivitya
(symptomatic plants/inoc
pH1/36 (B1) 0/10, 0/20
pH1/40 (B2) 10/14, 13/24, 3/1
pH1/8 (B3) 0/10, 0/20
pH1/36Dins 0/25
pA* 0/14, 0/24
pB* 7/14, 14/24
pB*Dins 6/14, 5/24
pB*-526T 1/20, 0/20
pE* 0/17, 1/20c
pF* 1/17, 4/20
pH1/40-2226T 4/20
pH1/40*-2092C 4/20
pH1/36-550A 0/18, 0/20, 0/20
pH1/36Dins-550A 0/20, 0/20
pH1/40-526T 0/20, 0/20
pH1/36*-550A-arg 0/20, 0/20d
pH1/36*-550A-SB 3/20
pH136*-550A-SB-2226T 7/15
pH136*-2250G-1951A 3/20
pC* 0/17, 0/18d
pD* 0/17, 0/20d
pI* 0/20, 0/20d
pK* 0/20, 0/20d
pJ* 0/20, 0/20d
pA*-arg 0/20, 0/20, 0/20
pG* 0/17, 0/20d
pH* 0/17, 0/20d
a Individual inoculation experiments are separated by commas. Pse
b Nucleic acids were extracted and analyzed from leaves above the
components A and B or only A is given.
c Plant developed delayed mild symptoms (mild leaf curling, no stun
d These plants were inoculated and examined for symptoms producToLCV/Pan DNA A and PYMV DNA B was symptomless
systemic spread of ToLCV/Pan DNA A observed (Engel
S
tet al., 1998). A similar phenotype, symptomless spread of
the DNA A component, has also been observed in plants
infected with a pseudorecombinant virus produced by
Tomato mottle virus (ToMoV) and Bean dwarf mosaic
virus (BDMV) (Hou et al., 1998). Symptomless systemic
spread of DNA A was also observed for some SiGMV/Co
DNA A and SiGMV/Hoyv DNA B mutant pseudorecombi-
nant viruses (Table 2).
Infectivity of pseudorecombinant viruses produced by
SiGMV/Co DNA A and SiGMV/Hoyv DNA B mutants
Because the SiGMV/Hoyv DNA B molecules differ only
n a few nucleotides (Fig. 3), we tried to determine the
nfluence of viral DNA B genes and/or noncoding se-
uences on the production of infectious pseudorecom-
inant viruses by generating various DNA B mutants (Fig.
). Inoculation of N. benthamiana with a mixture of
and SiGMV/Hoyv DNA B1, B2, B3, and Mutant Derivatives
)
Detection of viral DNAb
A 1 B A
0/10, 0/20 0/10, 0/20
6/6, 10/10, 3/3 0/6, 0/10, 0/3
0/10, 0/20 0/10, 0/20
0/10 0/10
0/6, 0/24 5/6, 11/24
3/6, 8/10 1/6, 2/10
6/6, 5/5 0/6, 0/5
3/20, 0/20 10/20, 4/20
2/17, 1/20 10/20, 4/20
2/17, 1/20 7/17, 14/20
4/4 0/4
4/4 0/4
1/12, 4/20, 3/20 3/12, 4/20, 2/20
6/20, 1/20 6/20, 2/20
3/20, 1/20 12/20, 10/20
4/20 14/20
3/3 0/3
7/7 0/7
3/3 0/3
0/17 0/17
1/17 6/17
1/20 2/20
0/20 4/20
2/20 5/20
1/20, 0/20, 0/20 1/20, 3/20, 9/20
2/17 0/17
6/17 3/17
ombinant viruses that induce symptoms are indicated in bold.
lated leaf. The number of analyzed plants containing either genomic
ly.ABLE 2
DNA A
ulated
0
udorec
inocuiGMV/Hoyv DNA A and the DNA B mutants verified that
he mutant DNA B molecules were still infectious (data
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182 UNSELD ET AL.not shown). All mutated DNA B molecules were inocu-
lated together with SiGMV/Co DNA A onto N. benthami-
ana and upper leaves were analyzed 3 weeks later for
the presence of viral DNA. The results are summarized in
Table 2.
The most noticeable difference between DNA B1 and
B2, the two molecules initially involved in the study, is the
nsertion of 24 nucleotides at position 310 in DNA B1 (Fig.
). Deletion of this region (mutant pH1/36Dins) did not
esult in an infectious pseudorecombinant virus. A sim-
lar result was obtained with mutant pA* in which the 24
ucleotides were deleted and the G at position 447 was
eplaced by T (Fig. 4), although in this case symptomless
ystemic spread of DNA A was observed (Table 2; Fig. 5,
ane 18). When the 24 nucleotides were inserted in the
NA B2 molecule (mutant pB*), it remained as infectious
s the wild-type DNA B2 when coinoculated with
iGMV/Co DNA A. Also the DNA B2 double-mutant
B*Dins (removal of the 24 nucleotides insertion from
utant pB*) was as infectious as DNA B2. From these
esults we conclude that the additional 24 nucleotides in
NA B1 as well as the nucleotide substitution at posi-
tions 447 and 423 (G to T) are not involved in the ability
of DNA B2 to form a viable pseudorecombinant virus with
SiGMV/Co DNA A.
Both DNA B gene products, MP and NSP, are involved
in viral movement whereby NSP functions as a nuclear
shuttle protein and MP is involved in cell-to-cell move-
ment of the virus (Noueiry et al., 1994; Ingham et al., 1995;
FIG. 1. Southern blot analysis of nucleic acids extracts of inoculated
N. benthamiana. Nucleic acids were extracted from inoculated (lanes 1,
3, 5, 7) and upper leaves (lanes 2, 4, 6, 8) of N. benthamiana. Plants
ere inoculated with SiGMV/Co DNA A and SiGMV/Hoyv DNA B2 (lanes
1–4) and SiGMV/Co DNA A and SiGMV/Hoyv DNA B1 (lanes 5–8). The
pper blot was hybridized with a DNA A probe and the lower blot with
NA B probe. Viral single-stranded (ss) and supercoiled (sc) DNA
orms are indicated.Sanderfoot et al., 1996; Ward et al., 1997). A major differ-
nce between DNA B1 (B3) and B2 in the MP gene is atucleotide positions 1512 and 1488, respectively. This
ifference results in DNA B2 having an arginine instead
f a glycine at position 239 in the MP. The other two
ucleotide differences in this gene do not change the
mino acid sequence. After exchange of the glycine with
n arginine in the DNA B1 MP (mutant pE*), systemic
pread of DNAs A and B of the pseudorecombinant virus
as detected and, in one instance, development of very
ild symptoms was observed (Table 2; Fig. 5, lane 6).
he pseudorecombinant virus containing mutant pF*, in
hich the arginine was replaced by glycine, still pro-
uced symptoms in N. benthamiana (Table 2). The ex-
hange of the glycine to arginine in mutant pA* (pH1/36
eprived of the 24 nucleotides at positions 310–333 to
roduce mutant pA*-arg) did not result in a symptomatic
nfection of pseudorecombinant virus (Table 2; Fig. 5,
anes 3 and 4). Therefore, the amino acid difference at
osition 239 of the MP is not the reason for the inability
f either DNA B1 or DNA B3 to form a pseudorecombinant
virus that induces symptoms in inoculated plants.
The substitution of T with A at position 526 in DNA B2
alters the putative initiation codon for the NSP gene. If
this initiation codon is used for translation, the two amino
acids methionine and isoleucine would be added to the
amino terminus of NSP (Fig. 3). The exchange of A with
T in DNA B2 (mutant pH1/40-526T) led to loss of symp-
toms in infected plants, although in some plants DNA A
as well as mutant DNA B was present in low amounts
FIG. 2. Southern blot analysis of extracts of transfected N. tabacum
protoplasts. Protoplasts were transfected with SiGMV/Hoyv DNA A and
iGMV/Hoyv DNA B1 (lanes 1 and 2), SiGMV/Hoyv DNA A and SiGMV/
Hoyv DNA B2 (lanes 3 and 4), SiGMV/Co DNA A and SiGMV/Hoyv DNA
B1 (lanes 5 and 6), SiGMV/Co DNA A and SiGMV/Hoyv DNA B2 (lanes 7
and 8), and SiGMV/Co DNA A and SiGMV/Co DNA B (lanes 9 and 10).
A nucleic acids extract of a SiGMV/Co DNA A and SiGMV/Co DNA B
inoculated N. benthamiana plant was analyzed in lane C. The upper
blot was hybridized with a DNA A probe and the lower blot with a DNA
B probe. Viral DNA forms are indicated.
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183PSEUDORECOMBINATION BETWEEN TWO DISTINCT GEMINIVIRUSES(Fig. 5, lane 13). However, when SiGMV/Co DNA A was
coinoculated with the double-mutant pB*-526T, in which
the first initiation codon for NSP was removed as well as
exchange of the T with G at position 423, a symptomatic
infection was observed, although only in one experiment
in which a single plant exhibited symptoms (Table 2).
Inoculation of N. benthamiana with SiGMV/Co A and
utant pH1/36-550A (exchange of T with A in DNA B1)
esulted in a symptomless infection of plants with barely
etectable amounts of DNA B (Table 2; Fig. 5, lane 15).
lthough no viral DNA was detected in upper leaves
fter inoculation of plants with SiGMV/Co DNA A and
H1/36Dins, the replacement of T by A at position 550
pH1/36Dins-550A) resulted in symptomless systemic
ovement of DNA A and mutant DNA B (Table 2; Fig. 5,
ane 23). Taken together, these results indicate that
hanges in the primary amino acid sequences of the MP
s well as the NSP result in reduced infectivity in the
ase of DNA B2, whereas DNA B1 gains infectivity when
noculated together with SiGMV/Co DNA A.
The exchange of the nucleotide at positions 550 and
26 in DNA B1 and B2 (mutants pH1/36-550A and pH1/
40-526T), respectively, influenced the infectivity of these
mutants when coinoculated with SiGMV/Co DNA A (Ta-
ble 2). To examine the influence of the two nucleotides
upstream of this position the MroI/StuI fragment of DNA
1 was replaced with that of DNA B2 (mutant pC*). Al-
hough pseudorecombinant virus containing pH1/36-
50A showed symptomless systemic movement of both
enomic components, no systemic spread of either
iGMV/Co DNA A or the mutant pC* was detected (Table
; Fig. 5, compare lanes 14 and 15). We conclude from
FIG. 3. Genomic map of SiGMV/Hoyv DNA B components. The solid
movement protein (MP) and nuclear shuttle protein (NSP) are given. Th
The positions of selected restriction endonucleases are indicated. The
2 (bold), and B3 (bold and italics) are shown.hese data that the two nucleotides upstream of the
utative initiation codon of the NSP gene have an inhib-tory effect on the viability of the pseudorecombinant
iGMV/Co DNA A and pC*.
Exchange of the NcoI/BglII fragment that contains the
three nucleotide differences at positions 1927, 2092, and
2226 of DNA B2 (Fig. 3), with that of DNA B1 (mutant pH*)
esulted in a recombinant DNA B2, which had lost the
bility to form a pseudorecombinant virus that produced
symptomatic infection (Table 2), although systemic
pread of both components was detected (Fig. 5, lanes 1
nd 21). On the other hand, when this fragment of DNA
1 was substituted with that of DNA B2 (mutant pG*) in
ome cases symptomless systemic spread of both
enomic components was observed (Table 2; Fig. 5, lane
). The exchange of the G at position 2226 in DNA B2 with
T, found in the corresponding position in DNA B1 (mutant
H1/40-2226T), had no negative effect on infectivity (Ta-
le 2). The same was found when the G at position 2092
n DNA B2 was replaced by C (mutant pH1/40*-2092C),
chieved by replacing the NcoI/BglII fragment with that
f DNA B3. Surprisingly, when the NcoI/BglII fragment of
DNA B3 was introduced into DNA B1 (mutant pH1/36*-
250G-1951A), the recombinant molecule was able to
orm a viable pseudorecombinant virus with SiGMV/Co
NA A that produced a symptomatic infection (Table 2).
ull infectivity of recombinant DNA B1 was also obtained
hen the StuI/BglII fragment of either DNA B2 or con-
struct pH1/40-2226T was introduced (mutants pH1/36*-
550A-SB and pH1/36*-550A-SB-2226T).
In summary, we found nine DNA B mutants—pB*,
pB*Dins, pB*-526T, pH1/40-2226T, pF*, pH1/40*-2092,
pH1/36*-550A-SB, pH1/36*-550A-SB-2226T, and pH1/
36*-2250G-1951A—that were able to form a pseu-
define the position of the open reading frames. The gene names for
on region (CR) between DNAs A and B is indicated by a shaded box.
tide sequence differences between SiGMV/Hoyv DNA B1 (underlined),arrows
e commdorecombinant virus that induced normal symptoms and
one mutant, pE*, which induced extremely mild symp-
s184 UNSELD ET AL.FIG. 4. Schematic representation of SiGMV/Hoyv DNA B1 (pH1/36), B2 (pH1/40), B3 (pH1/8), and their mutants. The relative position of the nucleotide
equence differences (F represents the extra 24 nucleotides in DNA B1 and B3) as well as selected restriction endonuclease sites are shown. All
constructs marked with asterisks were produced by exchange of restriction fragments between cloned genomic components.
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185PSEUDORECOMBINATION BETWEEN TWO DISTINCT GEMINIVIRUSEStoms on one occasion (Table 2). In plants inoculated with
SiGMV/Co DNA A and mutants pH1/36-550A, pH1/
36Dins-550A, pH1/36*-550A-arg, pH1/40-526T, pD*, pI*,
pJ*, pG*, pA*-arg, and pH* no symptoms were detected,
although upper leaves contained viral DNAs A and B
(Table 2; some examples are shown in Fig. 5, lanes 2, 7,
8, 12, 13, 15, 21, and 23). Following inoculation of
SiGMV/Co DNA A with pA* and pK* no symptoms were
observed, although systemic movement of SiGMV/Co
DNA A was detected (Table 2; some examples are
shown in Fig. 5, lanes 9 and 18). Symptomless systemic
spread of DNA A was occasionally observed for pseu-
dorecombinant viruses (mutants pB*, pB*-526T, pF*),
which were able to induce symptoms associated with
systemic spread of DNAs A and B (Table 2). Neither DNA
A nor DNA B was detected in N. benthamiana after
oinoculation with SiGMV/Co DNA A and mutants pH1/
6Dins and pC* (Table 2; Fig. 5, lanes 14 and 22).
After coinoculation of SiGMV/Co DNA A and pH*, the
evel of viral DNA accumulation in upper leaves was
ormal when both DNAs A and B were present, but was
onsiderably reduced when only DNA A was present
Fig. 5, compare lane 1 with lane 21). In contrast, DNA A
ccumulation to almost normal levels was observed in
pper leaves after coinoculation of SiGMV/Co DNA A
ith pA*, pA*-arg, and pK*, even though the DNA B
utants did not accumulate to detectable levels (Fig. 5,
anes 3, 9, and 18). In upper leaves of plants inoculated
ith SiGMV/Co DNA A and pH1/40-526T both DNAs A
FIG. 5. Southern blot analysis of extracts of N. benthamiana inocu-
lated with pseudorecombinant mutant viruses. Plants were inoculated
with SiGMV/Co DNA A and SiGMV/Hoyv DNA B mutants (lanes 1–23)
are described in the text and Fig. 4. The upper blot was hybridized with
a DNA A probe and the lower blot with a DNA B probe. Viral DNA forms
are indicated.nd B were detected, but in this case the level of viral
NA was drastically reduced (e.g., see Fig. 5, lane 13). Inplants inoculated with SiGMV/Co DNA A and pH1/36-
550A both genomic components were detected, al-
though in this case the DNA A accumulation reached
normal levels, whereas DNA B accumulation was very
much reduced (e.g., see Fig. 5, lane 15).
The results of our pseudorecombination studies be-
tween SiGMV/Co DNA A and SiGMV/Hoyv DNA B isolates
and their mutant derivatives show that both proteins MP
and NSP, encoded by DNA B, as well as nucleotides
within coding sequences and adjacent sequences in
noncoding regions are all involved in the production of
viable pseudorecombinant viruses. We observed a grad-
ual increase of infectivity ranging from the noninfectious
SiGMV/Co DNA A and SiGMV/Hoyv DNA B1 and B3 pseu-
orecombinants to those that accumulate DNA A alone,
ow levels of DNAs A and B, normal levels of DNA A and
ow levels of DNA B, normal levels of DNAs A and B, and
ormal systemic spread of both genomic components
ssociated with symptoms (Table 2).
A basic requirement for viable pseudorecombination
etween distinct bipartite geminiviruses is trans-replica-
ion of the heterogenomic DNA B component. However,
t has been demonstrated that trans-replication does not
ecessarily result in a viable pseudorecombinant virus
Ho¨fer et al., 1997a; Engel et al., 1998; this study). We
ave demonstrated that even minor changes within DNA
, excluding sequences required for trans-replication,
nfluence the ability of two distinct bipartite geminivi-
uses to form a viable pseudorecombinant virus. As dis-
ussed earlier the composition of the two movement
roteins has an influence on the infectivity of pseu-
orecombinants. Also nucleotides in noncoding regions
etermine the viability of pseudorecombinants, indicat-
ng the possibility that gene regulation might be involved.
he most obvious difference between DNA B1 and B2 (B3)
s the 24-nucleotide (nt) insertion within the NSP pro-
oter sequence. However, mutations within this region
id not change the phenotype of the mutant. A second
ossibility is an effect on the translational efficiency of
SP and MP. Because all three SiGMV/Hoyv DNA B
olecules are functionally translated in the presence of
iGMV/Hoyv DNA A (and so far no translation-enhancer
unction has been associated with a DNA A gene), we
onsider that this is an unlikely explanation.
Besides virus-specific determinants, host factors are
lso involved. The pseudorecombinant virus formed by
iGMV/Co DNA A and AbMV DNA B had a limited host
ange compared to that of both parental viruses (Ho¨fer et
l., 1997a). Similar effects have been observed in pseu-
orecombination experiments between ToMoV and
DMV (Hou et al., 1998). This indicates that gene prod-
ucts as well as noncoding sequences of both genomic
components are involved in host adaptation, as sug-
gested by others (Lazarowitz et al., 1991; Stenger et al.,
1992; Schaffer et al., 1995; Hou et al., 1998). Mixed infec-
tion with distinct geminiviruses seems to occur fre-
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186 UNSELD ET AL.quently in nature (Harrison et al., 1997; Zhou et al., 1997;
ondong et al., 2000) and we show here that infected
lants can harbor closely related viral genomic compo-
ents with distinct biological features because of their
bility to form viable pseudorecombinant viruses. Pseu-
orecombination and recombination between these vi-
uses constitute the driving force for the emergence of
ew geminivirus epidemics as has been observed world-
ide in recent years (Moffat, 1999).
MATERIALS AND METHODS
loning of virus constructs
The cloning of genomic components DNAs A and B of
iGMV/Co (Ho¨fer et al., 1997b) and SiGMV/Hoyv
(Frischmuth et al., 1997) has been described. From
SiGMV/Hoyv-infected S. rhombifolia three distinct but
ery closely related DNA B components have been
loned. The cloning of DNA B1 (pH1/36) and B2 (pH1/40)
as been described (Frischmuth et al., 1997). The cloning
strategy of the recently isolated third DNA B component
of SiGMV/Hoyv (pH1/8, SiGMV/Hoyv DNA B3) is essen-
tially described in Frischmuth et al. (1997). The sequence
was determined by cycle sequencing on an automatic
Li-Cor sequence analyzer system according to the man-
ufacturer’s instructions (MWG-Biotech, Germany) and the
sequence is available in the EMBL database (accession
number AJ250731). The genomic organization and the
sequence differences within all three SiGMV/Hoyv DNA B
molecules are shown in Fig. 3.
The cloning of partial repeats of SiGMV/Co DNAs A
and B has been described (Ho¨fer et al., 1997b). For
construction of a partial repeat of SiGMV/Hoyv DNA A a
SalI (nucleotide position 1238 in DNA A of SiGMV/Hoyv;
rischmuth et al., 1997)/PstI(2470) fragment was cloned
nto pBluescript KS1 and subsequently full-length DNA
was introduced as a PstI fragment into the unique PstI
ite. The partial DNA A repeat was transferred as a
baI/KpnI fragment into pBin19. The SiGMV/Hoyv DNA B1
as well as B2 partial repeats consisted of a BamHI/SstI
fragment of each B component and the full-length SstI
DNA B1 or B2 fragments. Resulting pBluescript con-
structs were transferred to pBin19 as HindIII/SstI frag-
ments after digestion with HindIII and limited digestion
with SstI. Clones were mobilized into Agrobacterium
umefaciens LBA4404 by triparental mating.
loning of SiGMV/Hoyv DNA B mutant constructs
Recombinant DNA techniques were performed as de-
cribed by Sambrook et al. (1989). Restriction endonucle-
ses and DNA-modifying enzymes were used as recom-
ended by the manufacturers (GibcoBRL, Roche, Amer-
ham Pharmacia Biotech, Quiagen, all in Germany).
All constructs marked by asterisks were produced by
xchange of restriction fragments between cloned
Tenomic components. For construction of pB* and pA*
he SstI/MroI fragments of pH1/36 and pH1/40 were
xchanged (Fig. 4). Constructs pC* and pD* were pro-
uced by exchange of the MroI/StuI fragments between
H1/36 and pH1/40; pI* and pJ*, by exchange of BglII/
tuI fragments; pE* and pF*, by exchange of StuI/NcoI
ragments; and pG* and pH*, by exchange of NcoI/BglII
ragments (Fig. 4). Construct pK* was produced by ex-
hange of the MroI/StuI fragment of pH1/36Dins with that
f pH1/40 (see below). To produce construct pH1/36*-
50A-arg, the StuI/EcoRV fragment of pH1/36-550A (see
elow) was replaced with that of pH1/40, and construct
H1/36*-550A-SB, by exchange of the StuI/BglII fragment
f pH1/40. Construct pH1/36*-550A-SB-2226T was pro-
uced by exchange of the NcoI/BglII fragment of pH1/
6*-550-SB with that of pH1/40-2226T. The two con-
tructs pH1/40*-2092C and pH1/36*-2250G-1951A were
roduced by exchange of the NcoI/BglII fragment of
H1/40 and pH1/36 with that of pH1/8 (Figs. 3 and 4).
To introduce point mutations, primers containing the
utations were designed for amplification of the cloned
iral insert and the entire pBluescript vector. By polymer-
se chain reaction (PCR) with primers HoyvH136a (59-
TT GAA TTA TTG ATT CGC GT, positions 324–353 in the
NA B1 sequence) and HoyvH136b (59-AAA GAC TTG
AGC TTT AAT TT, positions 309–290 in B1), the 24-nt
nsertion in construct H1/36 as well as in the recombi-
ant pB* component was removed, resulting in con-
tructs pH1/36Dins and pB*Dins (Fig. 4).
The introduction of a point mutation changing T to A at
ucleotide position 550 in DNA B1 results in an extension
of the NSP by the two amino acids methionine and
isoleucine (Fig. 3). The mutation was introduced by PCR
with primers Hoyvb1aI (59-GGA TAC ATG ATC ATA GGA
TAA GAC-39, positions 563–542 in B1) and Hoyvb2m
(59-ATG TAG GTA TAA ACG TGG TCC C-39, positions
564–585 in B1 and 540–561 in B2), resulting in construct
pH1/36-550A (Fig. 4). With the same primer pair the T
was replaced by A in construct pH1/36Dins (construct
pH1/36Dins-550A). For mutation of the A to T at nucleo-
tide position 526 in B2 primers Hoyvb2aI (59-GGA TAC
ATG ATC AAA TGA TAA A, positions 539–518 in B1) and
Hoyvb2m were used (construct pH1/40-526T). The same
primers were used to mutate the A to T in construct pB*
(construct pB*-526T). The replacement of the C at posi-
tion 1512 of construct pA* with T resulted in an arginine
instead of a glycine at this position in the MP protein
(construct pA*-arg). For this mutation the primer pair
Sgbc1-2 (59-TGG TCC TAA GCC TGC TTA GG-39, posi-
tions 1506–1525 in B1) and Sgbc1-3 (ACG TGT TAG ATC
CAG GAG AG-39, positions 1505–1486 in B1) was used.
he G in DNA B2 at position 2226 was changed to T
construct pH1/40-2226T) by PCR amplification with
rimers SiHoH1T (59-CCG CGC AGC TGA AAC CGA
T-39, positions 2217–2236 in B2) and SiHoH12g (59-CCT
TTC TTT CTC ATA TGG AT-39, positions 2216–2197 in B2).
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187PSEUDORECOMBINATION BETWEEN TWO DISTINCT GEMINIVIRUSESThe genotype of all constructs is given in Fig. 4. When
nucleotide substitutions were introduced by PCR, the
resulting constructs were sequenced by automatic se-
quence analysis with the Li-Cor system, according to the
manufacturer’s instructions, to confirm the correct nucle-
otide exchange. Commercially available primers for
pBluescript vectors and primer H140 (59-ACA TTC TTG
GAC CGT AGT CCT CAC-39, positions 1390–1413 in B1
and 1366–1389 in B2) were used for sequencing. All
utant DNA B molecules were inoculated with SiGMV/
oyv DNA A to investigate infectivity in Nicotiana
enthamiana D.
reparation and inoculation of N. tabacum protoplasts
Leaves from 3-week-old Nicotiana tabacum L. cv.
amsun were sterilized in 10% bleach, 0.01% SDS for 15
in, and then rinsed successively in 70% ethanol and
terilized water. For protoplast preparation, leaves were
ut into small strips, avoiding the main veins, and incu-
ated overnight with 0.5% Driselase (Sigma, Germany) in
PW solution (400 mM mannitol, 1 mM CaCl2, 0.2 mM
KH2PO4, 1 mM KNO3, 1 mM MgSO4, pH 5.8). Protoplasts
were recovered by centrifugation and resuspended in 4.5
ml 25% (w/v) sucrose in CPW. After adding 4.5 ml CPW,
protoplasts were concentrated by centrifugation at 50 g.
Intact protoplasts were collected from the interphase,
washed twice in wash solution (4 mM CaCl2, 80 mM KCl,
% mannitol, 2 mM Na2PO4, pH 7.2), and resuspended in
wash buffer to a final concentration of 106 cells/ml. After
ncubation at 4°C for 2 h, 300 ml cell suspension was
mixed with 10 mg cloned viral DNA (partial repeat con-
tructs, see above) plus 15 mg salmon sperm DNA and
lectroporated with the Gene Pulsor from BioRad (Ger-
any) (settings: 0.16 kV; 0.8 kV/cm; 125 mF; t 5 2.8 ms;
none, V). Protoplasts were mixed with 9 ml MS medium
(Murashige and Skoog, 1962), modified according to
Firoozabady (1986), and incubated at 25°C in the dark for
3 days.
Inoculation of plants and characterization of viral
DNA forms
For mechanical inoculation of N. benthamiana, viral
DNA inserts (1 mg) were liberated by digestion with PstI
or SiGMV/Co DNA A and SiGMV/Hoyv DNA A; SstI for
iGMV/Hoyv DNA B1, B2, and derivatives; and EcoRV for
iGMV/Co DNA B, mixed and mechanically inoculated
nto seedlings of N. benthamiana as described by Stan-
ey et al. (1990). For agroinoculation of plants, A. tume-
aciens LBA4404 containing cloned genomic compo-
ents were mixed and stem-inoculated as described by
tanley et al. (1990).
For characterization of viral DNA forms, total cellular
ucleic acids were extracted from plants as described by
rischmuth and Stanley (1991) and from protoplasts as
escribed by von Arnim et al. (1993). Samples wereanalyzed either directly by agarose gel electrophoresis
or by PCR methods. Samples containing either 5 or 10 mg
ucleic acids were run either directly or after treatment
ith restriction endonucleases on agarose gels in 0.53
BE, and viral DNA forms were detected using probes
pecific to each genomic component (DNA A:
coRV(564)–PstI(2479) fragment of SiGMV/Co; DNA B:
stI(1045)–SstI(2552) fragment of SiGMV/Co, which
ross-hybridize because of the close relationship be-
ween SiGMV/Co and SiGMV/Hoyv).
For specific detection of SiGMV/Hoyv DNA B compo-
ents in pseudorecombinant viruses by PCR, primers
1–2C (59-GAT GAG CTC CCT CAA AAC TGG C-39;
ositions 32–53) and H1–2D (59-AGG GAG CTC ATC AGG
CT ACA C-39, positions 43–22) were used. PCR frag-
ents were analyzed on agarose gels in 0.53 TBE.
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